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Abstract
Met–hepatocyte growth factor /scatter factor (HGF/SF)
signaling plays an important role in epithelial tissue
morphogenesis, lumen formation, and tumorigenicity.
We have recently demonstrated that HGF/SF also alters
the metabolic activity of cells by enhancing both the
glycolytic and oxidative phosphorylation pathways of
energy production. Using differential display polymer-
ase chain reaction, we cloned a novel gene, designated
mimp (Met- Induced Mitochondrial Protein), which is
upregulated in NIH-3T3 cells cotransfected with both
HGF/SF andMet (HMH cells). Northern andWestern blot
analyses showed that mimp is induced in several Met-
expressing cell lines following treatment with HGF/SF.
Mimp encodes a 33-kDa protein that shows sequence
homology to the family of mitochondrial carrier proteins
(MCPs). Murine Mimp (mMimp) is expressed in a wide
variety of tissues, exhibiting an expression pattern
similar to Met. Predominant expression is seen in liver,
kidney, heart, skeletal muscle, and testis. Using immu-
nostaining for HA-tagged mMimp and a GFP-mMimp
chimeric protein as well as subcellular fractionation, we
determined that Mimp is primarily localized to the
mitochondria. Ectopic expression of mMimp in the
Met- responsive adenocarcinoma cell line, DA3, re-
duced the mitochondrial membrane potential (uncou-
pling activity ). The extent of the mitochondrial
depolarization positively correlated with the level of
Mimp expression. Our results demonstrate that Mimp is
a novel mitochondrial carrier homologue upregulated
by Met–HGF/SF signal transduction, which leads to
mitochondrial depolarization, and suggest novel links
among tyrosine kinase signaling, mitochondrial func-
tion, and cellular bioenergetics.
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Introduction
Hepatocyte growth factor /scatter factor (HGF/SF) is a
paracrine factor produced primarily by mesenchymal cells,
which induces mitogenic, motogenic, and morphogenic
changes [36]. The diverse biological effects of HGF/SF
are all mediated by Met, which is preferentially expressed on
epithelial cells. Null mutations in HGF/SF and Met are
embryonic- lethal, demonstrating that this receptor– ligand
pair is essential for normal embryonal development [32,40].
Met–HGF/SF signaling plays a crucial role in differ-
entiation processes [5,38] as well as in tumor development
and progression [27,41]. In the last decade, attention has
focused on elucidating molecular participants in the Met–
HGF/SF signaling pathway. Activation of Met by HGF/SF
leads to the induction of several intracellular signaling path-
ways that interact with the multifunctional docking site [26].
This leads to changes in gene expression that include im-
mediate increases in the transcription factors c-Fos and
c-Jun, as well as Met [6]. Subsequent induction events
include the upregulation of the transcription factor ETS1 [12],
urokinase- type plasminogen activator (u-PA) and its recep-
tor [25], and the zinc finger protein slug [31]. These events
also correlate with HGF/SF–induced epithelial and endo-
thelial cell migration and morphogenesis. Induction of
collagenase (matrix metalloproteinase 1, MMP-1) [12] and
stromelysin-1 (MMP-3) [11] was also demonstrated.
Recently, analysis using DNA array technology showed
alterations in gene expression patterns in response to
HGF/SF in human breast cancer cells, which include genes
involved in differentiation and development and in cellular
metabolism [45].
Met–HGF/SF signaling leads to a wide variety of cellular
outcomes including cellular motility [35], tubular branching
[4], in vitro invasiveness [18,28], and in vivo metastasis
[19,28], all of which require an alteration in the metabolic
activity of the cells. We have recently shown that HGF/SF
treatment increases glucose and oxygen consumption,
concomitant with an increase in the ratio between oxidized
and reduced equivalents, and in ATP production [20]. Tyro-
sine kinase growth factor signaling pathways are well studied,
yet the functional relationship between these pathways and
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the alteration in cellular metabolic activities is poorly under-
stood. Very little is known about the cellular proteins mediat-
ing the alterations in bioenergetics induced by Met signaling.
We have previously shown that NIH-3T3 cells cotrans-
fected with met and hgf /sf (HMH cells ) form tumors in nude
mice. These mesenchyme-derived tumor cells and explants
show a differentiated phenotype and acquire lumen- like
morphology in vitro and in vivo [39]. Therefore, HMH cells
provide an excellent cellular model to study the differential
expression of HGF/SF–induced genes in tumorigenicity and
differentiation. Using this system, we show here that Met–
HGF/SF induces a novel mitochondrial carrier homologue,
which leads to mitochondrial depolarization.
Materials and Methods
Cell Lines and Cell Culture
T47D mammary carcinoma cell line [22], DA3 [14], NIH-
3T3, HMH (NIH-3T3 cells transfected with human met and
human hgf /sf [27]), and 293T cells (human embryonic
kidney cell line stably transfected with the SV40 large T-
antigen) were grown in DMEM (GibcoBRL, Gaithersburg,
MD) supplemented with 10% heat- inactivated fetal calf
serum (FCS). Madin–Darby canine kidney (MDCK) epi-
thelial cells (Type 2), provided by Dr. K. E. Mostov from the
University of California at San Francisco, were grown in
DMEM supplemented with 5% FCS.
Differential Display Reverse Transcription Polymerase
Chain Reaction (DD RT-PCR)
DD RT-PCR was performed as previously described by
Bauer et al. [3 ]. For RT of an mRNA subset, 5 g of purified
RNA was mixed initially with 400 ng of anchor primers
dT11GG and dT11CA, kept for 10 minutes at 658C, followed
by 10 minutes at room temperature. Three hundred units of
AMV-RT (GibcoBRL) were added and the reaction was
incubated for 1 hour at 428C in RT buffer containing 10 mM
dNTP, 10 mM DTT, and 40 U of RNasin 1 (Promega,
Madison, WI), and then incubated at 958C for 5 minutes.
PCR was performed with 5 l of the cDNA reaction in a PTC-
100 Thermal cycler (MJ Research, Waltham, MA) using
PCR buffer with 2.5 U of AmpliTaq DNA Polymerase 1
(Perkin-Elmer, Foster City, CA), 1.25 mM MgCl2, 4 M
dNTP, 1 l of S 35 dATP (1300 Ci /mmol; Amersham
Pharmacia Biotech, Uppsala, Sweden), 500 ng of the
respective downstream anchor primer dT11GG or dT12CA,
and 400 ng of the upstream DD primer from the set of 26
decameric oligonucleotide primers according to Bauer et al.
[3 ]. The PCR products were resolved on a 6% PAGE/7 M
urea gel in 16 TBE buffer. The gel was dried and products
were visualized by autoradiography.
Library Screening, cDNA Cloning, Sequencing, and Protein
Expression
The cDNA library screening, restriction fragment analysis,
subcloning, and sequencing analysis were performed as
previously described [30]. GenBank database searches and
homology searches were performed using the Blast program
[1]. Homology alignments were completed using Multialin
[10]. The phylogenetic tree was generated using ClustalW
[37]. Secondary structure analysis was carried out using the
Protein Hydrophilicity Search and Comparison Server at
http: / /bioinformatics.weizmann.ac.il /hydroph/ .
A T47D l gt11 cDNA library was screened and several
overlapping clones coding human Mimp (hMimp) were
isolated. EST putative full - length cDNA was generated and
full - length human mimp was amplified from these clones
using oligonucleotides 50 -CGGGATCCAGGTCAATGAAAT-
GTGCTC- 30 and 50 -CCCAAGCTTCTTCAGGTCACAA-
CAATATCTT-30 containing BamHI and HindIII restriction
sites, respectively, and cloned into plasmid pGEX-KG
vector, yielding plasmid phMimp-GST in- frame with GST.
Mimp-GST expressed in BL21/DE3 Escherichia coli strain
was purified using Glutathione Sepharose 4B beads
according to manufacturer’s recommendations (Amersham
Pharmacia Biotech). The human Mimp coding region was
transferred to pET28a vector (Novagene, Madison, WI)
using BamHI and HindIII restriction sites (phMimp-His).
Mimp-His expressed in BL21/DE3 E. coli strain was purified
using Ni -NTA agarose beads according to manufacturer’s
recommendations (Qiagen, Hilden, Germany). The full -
length mouse mimp was amplified using oligonucleotides
50 -GGGGTACCATCATGGCGGACGCG-30 and 50 -GCGG-
ATCCTGCCCCACATCTTCAAATTA-30 containing KpnI
and BamHI restriction sites, respectively, and cloned into
plasmid EGFP-C1 vector (Clontech, Palo Alto, CA), yiel-
ding plasmid pmMimp-GFP. The full - length mimp was
transferred into pCruz HA-A vector (Santa Cruz Biotech-
nology, Santa Cruz, CA) using KpnI and XbaI restriction
sites (pmMimp-HA). Full - length mouse mimp was trans-
ferred into pTRE (Clontech) using EcoRI and XbaI res-
triction sites (pTRE-mMimp).
All PCR amplification reactions used Expand2 high-
fidelity system (Roche Molecular Biochemicals, Mannheim,
Germany). All the constructs were confirmed by dideoxynu-
cleotide sequencing using ABI PRISMTM dye terminator
cycle sequencing ready reaction kit (Perkin-Elmer) on an
Applied Biosystems 313 automated DNA sequencer.
DNA Transfection and Generation of Inducible Clones
The Lipofectin reagent kit (GibcoBRL) was used for
stable transfection as suggested by the manufacturer. NIH-
3T3 were stably transfected with pmMimp-HA, and G418
(GibcoBRL) resistant clones were isolated. NIH-3T3 were
stably transfected with pmMimp-GFP, and 293T cells were
transiently transfected with the same vector by using
standard calcium phosphate conditions. For the generation
of inducible clones, we used a modification of the Clontech
manual for generating Tet-on inducible cell lines [15]. In
short, DA3 cells were stably transfected with the ‘‘Tet -on’’
plasmid (pTet-On; Clontech). Clones were selected with
G418, and the clone with the highest inductive potential was
chosen by assessing the fluorescent intensity of cells
transiently transfected with pTRE-GFP. This parental clone
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(clone 7) was further stably cotransfected with a plasmid
containing mMimp under a Tet - inducible promoter (pTRE-
mMimp) and a plasmid containing resistance to Hygromycin
(pTK-Hyg). Clones were again selected and tested for
inducible Mimp expression in presence of 2 g/ml doxycy-
cline (Dox) in the growth medium using Northern blot
analysis of Mimp, and two clones were chosen for
investigation ( iMimp-DA3 clones 77 and 212).
Antibodies
Mouse monoclonal HA-probe (F-7) (Santa Cruz Bio-
technology) and anti -GFP (Roche Molecular Biochemicals)
were used. To generate Mimp-specific antiserum, purified
GST- tagged and His- tagged hMimp were injected into
different rabbits using standard immunization procedures
[17].
Subcellular Fractionation
Subcellular fractionation was performed as previously
described [16]. Briefly, mMimp-GFP transfected 293T cells
were washed once in phosphate-buffered saline, resus-
pended in isotonic HIM buffer (200 mM mannitol, 70 mM
sucrose, 1 mM EGTA, 10 mM HEPES, pH 7.5) supple-
mented with a protease inhibitor mixture (added at a 1:25
dilution; Roche Molecular Biochemicals), and homogenized
using a Polytron homogenizer (Brinkmann Instruments,
Westbury, NY). Nuclei and unbroken cells were separated
at 120g for 5 minutes and discarded. The supernatant was
centrifuged at 10,000g for 10 minutes to discharge the heavy
membrane (HM) pellet. The supernatant was centrifuged at
100,000g for 30 minutes to yield the light membrane (LM)
pellet and the final soluble (S) fraction.
Western Blot Analysis of Mimp
Near confluent cells in 90-mm-diameter dishes were
washed twice with cold PBS and lysed in 1 ml of lysis buffer
(20 mM Tris–HCl, pH 7.8, 100 mM NaCl, 50 mM NaF, 1%
NP40, 0.1% SDS, 2 mM EDTA, 10% glycerol ) with protease
inhibitor cocktail and 1 mM sodium orthovanadate (Sigma,
St. Louis, MO). Cell lysates pooled from several plates were
clarified by centrifugation, protein concentration was quanti-
fied using the BCA protein assay kit (Pierce, Rockford, IL),
and 60 g of cell lysate protein was evaluated by Western
blot analysis using polyclonal rabbit anti -Mimp Ab (1:250).
Visualization was achieved using HRP-conjugated anti -
rabbit IgG (1:40,000) (Jackson Immuno Research Labo-
ratories, West Grove, PA), ECL reaction, and exposure to
X-ray film (Kodak, Rochester, NY).
Northern Blot Analysis
Total RNA was prepared from cultured cells and from
mouse tissues using TRI-REAGENT (Sigma). Samples
containing 10 g of RNA were separated on 1.2% agarose/
formaldehyde gels and blotted to Nytran transfer membrane
(Schleicher and Schuel, Dassel, Germany). The membrane
was prehybridized for 4 hours in 5 SSC, 5 Denhardt’s
solution, 50% formamide, 0.1% SDS, and 200 g/ml
denatured salmon sperm DNA at 428C. 32P dCTP Probes
were synthesized from cDNA of murine met and mimp using
the NEBlot Kit (New England BioLabs, Beverly, MA) and
added to the hybridization buffer, for overnight incubation.
The membrane was washed under high stringency con-
ditions at 508C in 0.5 SSC, 0.1% SDS for 20 minutes,
followed by 0.1 SSC, 0.1% SDS for 40 minutes. The mem-
brane was stripped in 0.1% SDS at 1008C for 30 minutes
and reprobed under identical conditions with a GAPDH or
rRNA probe. Mouse RNA Master Blot (Clontech) was
probed using a murine mimp probe according to manu-
facturer’s instructions.
Immunofluorescence Staining and Confocal Analysis
Lab-Tek chamber slides (Nunc, Roskilde, Denmark)
were platedwith 104 cells per well and incubated for 24 hours.
Subsequently, cells were fixed with cold absolute methanol
for 10 minutes and permeabilized with cold acetone for
10 minutes. Following blocking in 1% BSA and 10% normal
donkey serum in PBS for 10 minutes at room temperature,
the cells were incubated with primary antibody for 1 hour at
room temperature. Following three washes in PBS, cells
were stained with donkey anti -mouse antibody conjugated
to fluorescein isothiocyanate (FITC) (1:100) (Jackson Im-
muno Research Laboratories) for 1 hour at room temper-
ature. Slides were washed three times in PBS and mounted
with cover slips using GelMount (Biomeda, Foster City, CA).
For mitochondrial staining, live cells were incubated with
500 nM MitoTracker Red CMXRos (Molecular Probes,
Eugene, OR) in medium for 30 minutes at 378C and rinsed
with prewarmed PBS. For nuclear staining, fixed cells were
incubated with 1 g/ml DAPI (Sigma) in PBS for 10 minutes
at room temperature, and then washed twice with PBS.
Stained cells were analyzed using a 410 Zeiss (Zeiss,
Oberkochen, Germany) confocal laser scan microscope
(CLSM) with the following configuration: 25 mW Krypton/
Argon (488, 568 nm) and HeNe (633 nm) laser lines.
Colocalization analysis was performed using the Zeiss
colocalization function. When comparing fluorescence inten-
sities, identical CLSM parameters (e.g., scanning line, laser
light, contrast, and brightness) were used.
FACS Analysis of Mitochondrial Membrane Potential
Mimp- inducible DA3 clones ( iMimp-DA3 clones 77 and
212) were plated in the presence of different concentrations
(100–1000 ng/ml) of Dox (Sigma) and grown for 3 days.
Mitochondrial membrane potential was analyzed as pre-
viously described [29]. Briefly, a mitochondrial membrane
potential–sensitive dye, 5,5P,6,6P - tetrachloro-1,1P,3,3P -
tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Molec-
ular Probes) was diluted to a final concentration of 5 M with
prewarmed (378C) culture medium and filtered through a
nylon mesh to exclude aggregated JC-1. Cells were
incubated in 1 ml of the staining medium at 378C in the dark
for 90 minutes. As a positive control for mitochondrial
depolarization, 100 M of carbonyl cyanide m -chlorophe-
nylhydrazone (CCCP; Sigma) was added to the incubation
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medium. The stained cells were washed, trypsinized,
washed again, and resuspended in 1 ml of PBS. The cells
were analyzed by FACS (FACSort; Becton Dickinson,
Franklin Lakes, NJ) with an argon laser with excitation at
488 nm and using filters transmitting at 525±20 nm in the
FL1 channel (green) and 590 nm in the FL2 channel ( red).
The ratio of red (emission 593 nm) versus green (emission
532 nm) fluorescence intensity was calculated for each cell
and plotted as a histogram. For dose-dependent analysis,
the average fluorescence ratio of the cell population was
calculated and normalized relative to nontreated cells as
control. Statistical differences between groups were ana-
lyzed using two-way ANOVA in Microsoft Excel (Microsoft,
Redmond, WA).
Results
Identification of Mimp by Differential Display
To identify novel genes induced by HGF/SF, we
employed the mRNA differential display technique. HMH
cells are NIH-3T3 stably transfected with both human hgf /sf
and met, which exhibit a differentiated phenotype and are
tumorigenic in nude mice [39]. Four independent RNA
samples from NIH-3T3 and HMH were used to synthesize
cDNA, which was subsequently used for a DD RT-PCR
using 10 different arbitrary primers. A number of candidate
genes were preferentially expressed in HMH cells. A cDNA
fragment designated mimp was isolated using the anchor
primer dT11GG (Figure 1A ). This partial cDNA of murine
mimp was cloned and sequenced. Northern analysis using
the cloned mimp cDNA was used to verify that the mRNA
was predominantly expressed in HMH cells relative to NIH-
3T3 cells. A GAPDH probe served as control (Figure 1B ).
These results indicate that mimp mRNA is differentially
upregulated in HMH cells.
Mimp mRNA Induction in Response to HGF/SF Treatment
The expression of mimp mRNA in response to HGF/SF
treatment was examined in the Met-expressing epithelial cell
lines MDCK and DA3. Total RNA samples from these cell
lines before and after treatment with HGF/SF were
subjected to Northern blot analysis using mimp as a probe
(Figure 1C ). In MDCK cells, mimp mRNA was five- fold
higher 3 hours after treatment and 10- fold higher 6 hours
after treatment relative to untreated cells. The level of 18S
rRNA served as control (Figure 1C ). Similar results were
obtained with the DA3 cell line. Whereasmimp mRNA levels
were almost undetectable before HGF/SF treatment, they
were dramatically increased after 24 hours of treatment
(Figure 1C ). These results indicate that mimp is induced by
Met–HGF/SF signal transduction.
Mimp Protein Induction in Response to HGF/SF Treatment
In order to characterize the Mimp protein, we produced
rabbit polyclonal antibodies against Mimp as described
in Materials and Methods section. The specificity of the
anti -Mimp antibody was verified by Western blot and im-
munofluorescence analysis of Mimp- transfected versus
neotransfected cells ( results not shown). Western blot
analysis of both murine DA3 cells and human Met-
responsive T47D cells (Figure 1D ) with anti -Mimp antibody
recognized an endogenous protein of about 33 kDa, in
agreement with the calculated molecular weight. To examine
the induction of Mimp by HGF/SF, we treated DA3 and T47D
cells with HGF/SF for 24 hours. Subsequent Western blot
analysis of cell extracts showed an increase in Mimp levels
8 hours after treatment, which was further increased 24 hours
after treatment (Figure 1D ).
Distribution of Mimp mRNA in Murine Tissues
To study the pattern of mimp expression, Northern blot
analyses were performed on RNA extracts from different
mouse tissues (Figure 2A ). The analyses showed thatmimp
mRNA is expressed in most of the tissues examined.
Comparison of met and mimp expression patterns showed
high similarity, with both predominantly found in epithelial
tissues (Figure 2A ). Both mRNA species are highly
expressed in the liver and kidney; moderately expressed in
the ovary, heart, and skeletal muscle; and scarcely
expressed in the uterus and in the spleen. However, in the
lungs, met expression is relatively higher than that of mimp.
Dot blot analysis of RNA from 20 different mouse tissues
further corroborated the results obtained from the tissue
Northern blot analysis and also showed that mimp is highly
expressed in the testis and in the brain and moderately
expressed in smooth muscle, thyroid, submaxillary gland,
and the epididymis (Figure 2B ). Mimp was also expressed in
a number of human-derived epithelial cell lines ( results not
shown).
Cloning of Full -Length Mouse Mimp cDNA
The full - length mouse mimp was cloned from NIH-3T3
cells and sequenced. Mouse mimp encodes a 1081-bp
mRNA transcript with a single open reading frame (ORF)
(Figure 3A ). The sequence was further confirmed by
comparing it to the expressed sequence tags database
(dbEST). The cDNA of mouse mimp comprises an ORF of
911 bp, followed by a 127-bp putative 30 -untranslated region
that contains a polyadenylation signal (AATAAA) and a
poly(A)+ tail. The first amino- terminal ATG codon at
nucleotides 43 to 45 is very likely the true translation initiation
codon because it is flanked by sequences that predict strong
translational initiation. The ORF encodes a predicted
polypeptide of 303 amino acids with a calculated isoelectric
point of 7.96 and a molecular mass of 33 kDa. The mouse
Mimp protein is 93% identical to the human Mimp protein
(Figure 3A ). The sequences of both human Mimp and
mouse Mimp were submitted to GenBank as mitochondrial
carrier homologue 2 (Mtch2; GenBank accession nos. NP
055157 and AAD52647, respectively). Recently, a Mimp
homologue was discovered. The protein, named PSAP
(Mtch1; GenBank accession no. AF189289), has 46%
identity and 65% similarity in amino acid sequence to human
Mimp (Figure 3, A and B ) and has nearly identical secondary
structure [44].
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The predicted polypeptide sequences of mouse and
human Mimp show 25% identity and 40% similarity to the
family of MCPs [43] and display the energy transfer
signature motif characteristic of this family (Figure 3A ). It,
therefore, seems that Mimp and PSAP are a part of a new
subfamily of the MCP family.
Another subfamily of the MCPs is the family of uncoupling
proteins (UCPs). Mimp, like other MCPs, has about 21%
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3 T 3
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HMH
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Figure 1. Identification of a novel HGF /SF– induced gene designated Mimp and the time course of its mRNA and protein induction in mammalian cells. (A )
DD RT-PCR reactions were performed in quadruplicates and 35S - labeled PCR products were visualized by autoradiography. Lanes 1 to 4: NIH -3T3 mRNA;
lanes 5 to 8: HMH mRNA. Arrows indicate candidate PCR products that are differentially regulated. The upper arrow [ 6 ] indicates a fragment of a novel
gene designated mimp. (B ) Northern analysis using murine mimp as a probe. Ten micrograms of RNA from NIH -3T3 fibroblasts and HMH cells was
analyzed. Hybridization to a GAPDH probe was used as control. (C ) Northern analysis using murine mimp as a probe. DA3 and MDCK Cells were exposed
to 80 U /ml HGF /SF for 0, 4, and 24 hours or 0, 3, and 6 hours, respectively. RNA was prepared and the blot was probed with mouse mimp probe. 18S
rRNA was used as control. (D ) Western blot analysis using anti -Mimp antibody as a probe. DA3 and T47D cells were exposed to 80 U /ml HGF /SF for 0,
4, 8, or 24 hours. Cell lysates were prepared, separated on a 12% SDS polyacrylamide gel, and subjected to Western blot analysis with rabbit anti -Mimp
antibody.
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identity and about 30% similarity to mitochondrial UCPs. A
phylogenetic tree is presented in Figure 3B. The similarity
between murine Mimp and the MCP superfamily ( repre-
sented by the murine ATP/ADP carrier protein) was further
substantiated by pairwise comparison of their sequence
using the ‘‘Compare’’ program from the GCG package
(Figure 4A ). A perfect central diagonal line (which repre-
sents the perfect relation obtained by aligning the sequence
with itself ) and three parallel diagonal lines can be seen
(Figure 4A, see arrows). These lines are about 100 amino
acids apart, and represent weaker but significant tandem
repeats in the same protein. The mMimp tandem repeats are
shorter but exhibit the same pattern.
In order to study the putative secondary structure of Mimp,
we performed a comparative Kyte–Doolittle analysis for
murine Mimp, murine UCP3, and murine ADP/ATP translo-
case 2 (GenBank accession nos. P56501 and P51881,
respectively) (Figure 4B ). The structure of Mimp resembles
mitochondrial transport protein structure (Figure 4B ), in
which the predominant features are six transmembrane a -
helices ( regions I–VI, Figure 4B ) and three hydrophilic
regions exposed to the aqueous environment ( regions A–C,
Figure 4B ) [43 ].
BLAST against the HTGS database with human Mimp
cDNA sequence revealed the genomic sequence of Mimp
(GenBank accession no. NT 008978). Human mimp mRNA
is transcribed by 13 exons and spans at least 29 kb (Fig-
ure 3C ). All the splice acceptor and donor sequences
conform to the GT–AG consensus rule for splicing (results
not shown). Based on the draft of the human genome, human
Mimp maps to chromosome 11q12.1 between 51834K and
51860K.
Mimp Localizes to the Mitochondrial Membrane
To examine the subcellular localization of Mimp, NIH-3T3
cells were stably transfected with pmMimp-HA and cos-
tained with anti -HA antibody (Figure 5Aa ) and with
MitoTracker Red (Figure 5Ab ). The cell staining patterns of
Mimp showed a typical mitochondrial punctate staining
throughout the cytoplasm with no nuclear or cell surface
staining. Control cells transfected with empty HA vector
showed background staining (Figure 5Aa 0 ). Mimp was
A
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18S
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eart SkeletalLiver Lung WAT Ovary Uterus Kidney Spleen H
Muscle
B
UterusEpididymisProstateOvaryTestis
Spleen
Submaxillary
Gland
ThymusThyroidPancreas
Smooth MuscleSkeletal MuscleHeart
KidneyLungLiverEyeBrain
Figure 2. Expression of mimp and met mRNA in adult mouse tissues. (A ) Northern blot analysis of mouse mimp. Samples of 10 g of total RNA from various mouse
tissues were probed with a murine met probe. The same membrane was reprobed with murine mimp. EtBr staining of 18S shows the relative levels of RNA in each
lane. (B ) Dot blot analysis of mouse mimp expression. Mouse RNA Master Blot (Clontech ) containing poly(A ) + RNA samples from various mouse tissues was
probed with murine mimp probe.
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colocalized with the mitochondrial MitoTracker staining as
indicated by yellow in the merged image (Figure 5Ac ). To
further substantiate these results, NIH-3T3 were stably
transfected with pmMimp-GFP (Figure 5Ba ) and stained
with MitoTracker Red (Figure 5Bb ). The Mimp-GFP also
exhibited a mitochondrial staining, which colocalized with the
MitoTracker (yellow, Figure 5Bc ). We also transiently
transfected 293T epithelial cells with Mimp-GFP (Fig-
ure 5Ca ) and stained with MitoTracker Red (Figure 5Cb ).
TheMimp-GFP patterns also showed a typical mitochondrial
punctate staining that colocalized with MitoTracker
(Figure 5Cc ). We performed colocalization analysis using
the Zeiss colocalization procedure as described in Materials
and Methods section to confirm our observations. The red/
green intensity graph shows a 458 angle typical for
colocalization (Figure 5Cd ). A region of colocalization was
selected in this graph (circled in red). These selected pixels
are represented in blue (Figure 5Ce ) and overlaid on the
colocalization image (Figure 5Cf ). Mimp-GFP transfected
293T cells were subjected to subcellular fractionation and to
Western blot analysis using anti -GFP monoclonal anti-
bodies. Mimp-GFP was predominantly expressed in the
HM fraction, which is enriched for mitochondria. In this
fraction, the mitochondrial cytochrome C oxidase was also
localized (Figure 5D ). Mimpwas also shown to localize to the
mitochondria inDA3cells using immunofluorescence (results
not shown). Taken together, these data indicate that Mimp
protein localizes to the mitochondria.
Mitochondrial Membrane Potential Reduction Following
Inducible Mimp Expression
In order to study the function of the Mimp protein, we
generated ‘‘Tet -on’’ inducible DA3 clones that express
murine Mimp following treatment with the tetracycline
derivative, Dox ( iMimp-DA3 clones 77 and 212; Figure 6A ).
DA3 cells were selected because we have previously
characterized their cellular response to HGF/SF [13,20]
and because HGF/SF treatment leads to upregulation of
Mimp (Figure 1, C and D ). Mitochondrial staining using
MitoTracker Red showed a reduction in levels of dye uptake
Figure 3. Mimp shares sequence homology with mitochondrial carrier proteins. (A ) Alignment of the predicted amino acid sequence of human Mimp (MTCH2 ) with
those of bovine, mouse, and zebra fish Mimp and with a murine Mimp homologue (PSAP /MTCH1 ). The mitochondrial energy transfer signature is depicted in a solid
bold line; the homology to the mitochondrial carrier protein PFAM is depicted in a dashed line. The consensus sequence is depicted in the lower row. The symbols $,
#, !, and % represent neutral, polar, aliphatic, and aromatic residues, respectively. (B ) A phylogenetic tree of the Mimp subfamily, the UCP subfamily, and other
mitochondrial carrier proteins, constructed using ClustalW.
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in the Mimp- induced cells (Figure 6B ). As the loading of
MitoTracker Red is dependent on the mitochondrial mem-
brane potential [7 ], our observation suggested that induction
of Mimp led to mitochondrial depolarization. The depolarizing
effect of Mimp increased in a dose-dependent manner
(Figure 6Bb–e ). The images show that at low doses of Mimp
induction, total dye uptake was reduced in the cell population
(Figure 6Bb ). At higher levels of Mimp induction, the amount
of stained mitochondria was significantly lower than
expected from cell size in some of the cells, suggesting that
a fraction of the mitochondria in the cell was depolarized and
unstained (Figure 6Bc, arrowhead). At even higher levels of
Mimp induction, cells can be seen in which there is no
mitochondrial staining at all, suggesting the all mitochondria
are depolarized (Figure 6Bd, arrowhead). The chemical
uncoupler CCCP was used as a positive control and showed
a significant decrease in MitoTracker Red staining (Fig-
ure 6Bf ). It is noteworthy to mention that all cells showed
intact nuclear DAPI staining, indicating that the mitochondrial
depolarization induced by Mimp did not alter nuclear integrity
and organization.
To further corroborate the Mimp- induced mitochondrial
depolarization, we monitored mitochondrial membrane
potential in iMimp-DA3 clones using the fluorescent dye,
JC-1, which is a reliable indicator of mitochondrial mem-
brane potential changes in live cells [24,29]. The ratio
between the red and green fluorescence of each stained cell
was calculated, and the ratio histogram plotted to indicate the
mitochondrial membrane potential of the cell population [23].
Mitochondrial membrane depolarization is indicated by a
decrease in the red/green fluorescence intensity ratio. In
both iMimp-DA3 clones (77 and 212), Mimp induction led to
a significant decrease in the average mitochondrial mem-
brane potential compared to noninduced cells (P=.02, two-
way ANOVA). The effect was manifested both as an
increase in the subpopulation of the depolarized cells in the
Dox- treated cells ( left peak of the histogram) as well as in an
overall left shift of the histogram plot (Figure 6C ). The
median ratio value of the noninducible control cells was used
as a cutoff to calculate the percentage of cells with low and
high mitochondrial membrane potential. This analysis clearly
shows that Mimp induction increases the subpopulation of
Mouse ADP/ATP
translocase
Mouse Mimp
A   B A B CI II III IV V VI
A B CI II III IV V VI
A B CI II III IV V VI
Mouse Mimp
Mouse ADP/ATP
Translocase
Mouse UCP3
C
31 2 4 5 67 8 9 10 11 12 13
1kb
Figure 4. Mimp shares structural homology with mitochondrial carrier proteins. (A ) Comparison of sequence repeat analysis of mouse Mimp (black ) and mouse
ADP /ATP translocase (blue ). Repeat analysis was performed using the GCG package. Arrows point to repeat sequences. (B ) Comparison of the hydropathic
profile of mouseMimp (upper panel ), mouse ADP /ATP translocase (middle panel ), and mouse UCP3 ( lower panel ) using the Kyte–Doolittle method with a window
size of 19. The six putative transmembrane domains are depicted above in Roman letters. (C ) Organization of the human Mimp gene, exons 1 to 13 (depicted as
boxes ), based on the published genomic sequence.
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Figure 5. Mimp is localized to the mitochondrial membrane. (A ) CLSM analysis of NIH -3T3 stably transfected with HA -Mimp stained with anti -HA antibody (a )
and with MitoTracker Red (b ). For colocalization analysis, the green and red images were overlaid ( c ). The yellow staining represents regions of colocalization. As a
negative control, cells transfected with a control vector were stained with anti -HA antibody (a0 ). (B ) CLSM analysis of NIH -3T3 cells stably transfected with Mimp -
GFP (a ) and stained with MitoTracker Red (b ). The colocalization image is shown in ( c ). (C ) CLSM analysis of 293T cells transiently transfected with Mimp -GFP
(a ) and stained with MitoTracker Red (b ). For colocalization analysis, the green and the red images were overlaid ( c ). Graphic depiction of pixel intensities of image
was performed (d ). A region of maximal colocalization was selected in the graph ( circled in red ) and the pixels with colocalized values are represented in blue (e )
and overlaid on the colocalization image ( f ). (D ) Western blot analysis of subcellular fractions of Mimp -GFP transfected 293T. HM, fraction enriched for
mitochondria; LM, light membrane fraction; S, cytosolic fraction. Mimp -GFP protein was detected predominantly in the HM fraction using an anti -GFP antibody. The
same blot was stripped and the mitochondrial fraction detected with an antibody against the mitochondrial - specific protein cytochrome oxidase.
518 Met, HGF /SF Induces Mimp, a Novel Mitochondrial Carrier Homologue Yerushalmi et al.
Neoplasia . Vol. 4, No. 6, 2002
Figure 6. Ectopic expression of Mimp in DA3 cells leads to mitochondrial membrane depolarization. (A ) Northern blot analysis of Mimp - inducible DA3 clones
(77,212 ) with a murine mimp probe following 48 hours of treatment with 0, 1000, 500, 250, 100, and 50 ng /ml Dox ( lanes 1–6, respectively ). (B ) CLSM images of
Mimp - inducible cells stained with MitoTracker Red and DAPI following 48 hours of treatment with 0, 100, 200, 350, and 500 ng /ml Dox ( images a–e, respectively ).
( f ) The same cells treated with 100 M CCCP 20 minutes before staining with MitoTracker Red. (C ) Flow cytometry analysis of mitochondrial membrane potential
was performed on Mimp- inducible DA3 cells using JC-1. The red /green fluorescence intensity ratio of each cell is proportional to the mitochondrial membrane
potential ( m ). The frequency histogram of the ratio between the red and green JC -1 fluorescence of each stained cell is depicted. The continuous line represents
untreated cells; the broken line represents cells exposed to 200 ng /ml Dox for 48 hours. ( a ) Parental noninducible clone 7; ( b ) Mimp - inducible clone 77; ( c ) Mimp -
inducible clone 212. (D ) Stacked bar graph of the percentage of the depolarized cell population (black dashed bar ) and nondepolarized cell population (white dotted
bar ). The cutoff between the polarized and nondepolarized cell population was chosen as the median of the noninducible clone (clone 7 ) without Dox treatment. (E )
The average red /green JC -1 ratio of the cell populations following 48 hours of treatment with different Dox concentrations was calculated and normalized. Parental
noninducible clone 7 (circles ); Mimp - inducible clone 77 (squares ); Mimp - inducible clone 212 ( triangles ).
Neoplasia . Vol. 4, No. 6, 2002
Met, HGF /SF Induces Mimp, a Novel Mitochondrial Carrier Homologue Yerushalmi et al. 519
the depolarized cells (Figure 6D ). The percentage of cells in
the left peak of the histogram, representing the cells with low
mitochondrial potential, increased from 54% to 70.5% and
from 33% to 61% in the two inducible Mimp clones following
treatment with Dox. Dox treatment did not alter the mito-
chondrial membrane potential in the noninducible DA3 clone
(Figure 6Ca, D, and E ). The cells were treated with different
concentrations of Dox at the range of 50 to 500 ng/ml and
the average red/green ratio of each cell population was
calculated and normalized relative to nontreated cells. The
extent of mitochondrial depolarization was positively corre-
lated to the level of Mimp induction by different concen-
trations of Dox (Figure 6, A and E ). In one of the iMimp
clones, mitochondrial depolarization was already apparent at
Dox concentrations of 50 ng/ml, whereas in the second
clone, the depolarization became apparent at Dox concen-
trations of 100 ng/ml.
Discussion
We show in this work that constitutive activation of Met by
HGF/SF in HMH cells leads to elevated expression of a
novel gene designated Mimp. The mouse mimp gene
encodes a 303-amino-acid protein that shows similarity to
members of the MCP family both in sequence and in putative
secondary structure.
The expression of Mimp is induced in a number of cell
lines following activation of Met by HGF/SF, suggesting that
Mimp levels are regulated by Met signal transduction. Mouse
Mimp is ubiquitously expressed in vivo, especially in epi-
thelial tissues, muscle, and testis. Its expression pattern
resembles the expression pattern of Met in vivo, suggesting
that these two proteins are associated in vivo as well.
Mimp was shown to localize to the mitochondria in both
fibroblastic and epithelial cell lines. This result was further
corroborated by the mitochondrial localization of GFP-Mimp
in live NIH-3T3 and 293T cells, confirming the localization
predicted from its putative secondary structure and from its
homology to the MCPs.
In order to study the physiological effect of Mimp, we
generated Mimp- inducible cell clones in the adenocarci-
noma cell line DA3. An inducible system is a very
powerful in vitro model because the control cells are
identical to the inducible cells in every other aspect. We
chose to study the biological activities of Mimp in an
epithelial cell model because it is highly expressed in
epithelial tissues. We selected the cell line DA3 because
these cells respond to HGF/SF in a well -characterized
manner [13,20] and exhibit a significant increase in Mimp
in response to HGF/SF. Using this system, we were able
to show in two experimental methods that Mimp induction
decreases the mitochondrial membrane potential. Alter-
ations in mitochondrial membrane potential were mani-
fested in an altered ratio between polarized and depolarized
cells as well as in an overall decrease in the mitochondrial
membrane potential of the total cell population. The
mitochondrial depolarization correlated with the extent of
Mimp induction.
To date, the carrier function of at least 14 mitochondrial
anion transporters has been clearly identified. These func-
tions are essential for processes of ATP generation,
glycolysis, gluconeogenesis, and sterol and fatty acid
biosynthesis [21]. Interestingly, many of these proteins,
namely the ADP/ATP translocator, the glutamate/aspartate
antiporter, the dicarboxylate carrier, and the phosphate
carrier, have been shown to be involved in uncoupling in-
duced by fatty acids [33,34]. Their suggested mode of action
as mitochondrial uncoupling agents is by translocation of
anionic fatty acids from the mitochondrial matrix to the
cytosol, where the fatty acids can bind protons and enter
back into the mitochondrial matrix by diffusion [33,34].
However, it has also recently been claimed that the un-
coupling function described for many of these proteins is
artifactual and is a consequence of their overexpression [8].
We have shown in this work that Mimp, a mitochondrial
carrier homologue, decreases the mitochondrial membrane
potential in intact cells in a dose-dependent manner. The
mechanism by which Mimp leads to mitochondrial depola-
rization and its physiological relevance remains to be
clarified, although its similarity to other MCPs may hint to
a resemblance in their action. Several physiological roles
have been suggested to mitochondrial uncoupling, including
regulation of heat production, regulation of anabolic and
catabolic processes, and regulation of reactive oxygen spe-
cies (ROS) production [2]. We show here for the first time
that signaling through the tyrosine kinase receptor Met
induces a carrier protein homologue with potential uncou-
pling function, and suggest that its elevation might be part of
the concerted cellular response to the immediate increase in
the energetic demands of the cell following HGF/SF
signaling.
Signaling through Met–HGF/SF has been implicated in
processes of proliferation and metastasis as well as differ-
entiation and growth arrest, and much is known about
cellular participants mediating the different cellular outcomes
[9]; but so far, these pathways have not been fully
characterized in terms of their bioenergetic cellular state.
We have recently shown that glucose and oxygen con-
sumption and the cellular ratio between oxidized and
reduced equivalents are immediately increased in DA3 cells
in response to HGF/SF treatment concomitant with an
elevation in energy production [20], possibly in order to
provide the cells with sufficient energetic means to carry out
the HGF/SF–induced responses. It can be postulated that
the elevation in Mimp levels occurring several hours after
HGF/SF treatment in these cells is part of a regulatory
mechanism aimed at decreasing detrimental effects of
increased respiration, such as excess ROS production.
Indeed, it was shown that macrophages from UCP2–
deficient mice generated increased levels of ROS [2].
As one common feature of growth factor receptor signal-
ing pathways is that they increase the rate of cellular
metabolism [42], such a regulatory mechanism might turn
out to be more general, occurring in response to other growth
signals and involving other mitochondrial proteins. It will be
interesting to investigate whether other signaling cascades
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induce Mimp or other mitochondrial proteins as a metabolic
feedback response mechanism, and how the Mimp- induced
alterations in cellular bioenergetics modify tumorigenicity
and metastatic potential.
Acknowledgements
This work was carried out in partial fulfillment of the
requirements for the PhD degrees of G.M.Y. and R.L. We
thank Leonid Mittelman ( Interdepartmental Core Facility,
Sackler School of Medicine, Tel -Aviv University ) for his
excellent assistance with confocal microscopy.
References
[1] Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, and
Lipman DJ (1997). Gapped BLAST and PSI -BLAST: a new generation
of protein database search programs. Nucleic Acids Res 25, 3389–
402.
[2] Arsenijevic D, Onuma H, Pecqueur C, Raimbault S, Manning BS,
Miroux B, Couplan E, Alves -Guerra MC, Goubern M, Surwit R, et al
(2000). Disruption of the uncoupling protein - 2 gene in mice reveals a
role in immunity and reactive oxygen species production. Nat Genet
26, 435–39.
[3] Bauer D, Warthoe P, Rohde M, and Strauss M (1994). Detection and
differential display of expressed genes by DDRT -PCR. PCR Methods
Appl 4, S97–108.
[4] Berdichevsky F, Alford D, D’Souza B, and Taylor Papadimitriou J
(1994). Branching morphogenesis of human mammary epithelial cells
in collagen gels. J Cell Sci 107, 3557–68.
[5] Birchmeier C, and Gherardi E (1998). Developmental roles of HGF /SF
and its receptor, the c -Met tyrosine kinase. Trends Cell Biol 8, 404–
10.
[6] Boccaccio C, Gaudino G, Gambarotta G, Galimi F, and Comoglio PM
(1994). Hepatocyte growth factor (HGF ) receptor expression is
inducible and is part of the delayed–early response to HGF. J Biol
Chem 269, 12846–51.
[7] Buckman JF, Hernandez H, Kress GJ, Votyakova TV, Pal S, and
Reynolds IJ (2001). MitoTracker labeling in primary neuronal and
astrocytic cultures: influence of mitochondrial membrane potential
and oxidants. J Neurosci Methods 104, 165–76.
[8] Cadenas S, Echtay KS, Harper JA, Jekabsons MB, Buckingham JA,
Grau E, Abuin A, Chapman H, Clapham JC, and Brand MD (2002). The
basal proton conductance of skeletal muscle mitochondria from
transgenic mice overexpressing or lacking uncoupling protein - 3. J Biol
Chem 277, 2773–78.
[9] Comoglio PM (2001). Pathway specificity for Met signalling. Nat Cell
Biol 3, E161–62.
[10] Corpet F (1988). Multiple sequence alignment with hierarchical
clustering. Nucleic Acids Res 16, 10881–90.
[11] Dunsmore SE, Rubin JS, Kovacs SO, Chedid M, Parks WC, and
Welgus HG (1996). Mechanisms of hepatocyte growth factor stimula-
tion of keratinocyte metalloproteinase production. J Biol Chem 271,
24576–82.
[12] Fafeur V, Tulasne D, Queva C, Vercamer C, Dimster V, Mattot V,
Stehelin D, Desbiens X, and Vandenbunder B (1997). The ETS1
transcription factor is expressed during epithelial –mesenchymal
transitions in the chick embryo and is activated in scatter factor –
stimulated MDCK epithelial cells. Cell Growth Differ 8, 655–65.
[13] Firon M, Shaharabany M, Altstock R, Horev J, Abramovici A, Resau J,
Vande Woude G, and Tsarfaty I (2000). Dominant -negative met
reduces tumorigenicity –metastasis and increases tubule formation in
mammary cells. Oncogene 19, 2386–97.
[14] Fu Y, Watson G, Jimenez JJ, Wang Y, and Lopez DM (1990).
Expansion of immunoregulatory macrophages by granulocyte–macro-
phage colony - stimulating factor derived from a murine mammary
tumor. Cancer Res 50, 227–34.
[15] Gossen M, and Bujard H (1992). Tight control of gene expression in
mammalian cells by tetracycline - responsive promoters. Proc Natl Acad
Sci USA 89, 5547–51.
[16] Gross A, Yin XM, Wang K, Wei MC, Jockel J, Milliman C, Erdjument -
Bromage H, Tempst P, and Korsmeyer SJ (1999). Caspase cleaved
BID targets mitochondria and is required for cytochrome c release,
while BCL -XL prevents this release but not tumor necrosis factor -R1 /
Fas death. J Biol Chem 274, 1156–63.
[17] Harlow E, and Lane D (1988). Antibodies: A Laboratory Manual. Cold
Spring Harbor Laboratory, New York.
[18] Jeffers M, Rong S, Anver M, and Vande Woude GF (1996). Autocrine
hepatocyte growth factor / scatter factor -Met signaling induces trans-
formation and invasive /metastatic phenotype in C127 cells. Oncogene
13, 853–56.
[19] Jeffers M, Rong S, and Vande Woude GF (1996). Enhanced
tumorigenicity and invasion–metastasis by hepatocyte growth factor /
scatter factor -met signalling in human cells concomitant with induction
of the urokinase proteolysis network. Mol Cell Biol 16, 1115–25.
[20] Kaplan O, Firon M, Vivi A, Navon G, and Tsarfaty I (2000). HGF /SF
activates glycolytic and oxidative phosphorylation pathways of energy
production in DA3 murine mammary cancer cells — NMR spectro-
scopy and confocal laser microscopy studies. Neoplasia 2, 365–77.
[21] Kaplan RS (2001). Structure and function of mitochondrial anion
transport proteins. J Membr Biol 179, 165–83.
[22] Keydar I, Chen L, Karby S, Weiss FR, Delarea J, Radu M, Chaitcik
S, and Brenner HJ (1979). Establishment and characterization of a
cell line of human breast carcinoma origin. Eur J Cancer 15, 659–
70.
[23] Mao W, Yu XX, Zhong A, Li W, Brush J, Sherwood SW, Adams SH,
and Pan G (1999). UCP4, a novel brain - specific mitochondrial protein
that reduces membrane potential in mammalian cells. FEBS Lett 443,
326–30.
[24] Mathur A, Hong Y, Kemp BK, Barrientos AA, and Erusalimsky JD
(2000). Evaluation of fluorescent dyes for the detection of mitochondrial
membrane potential changes in cultured cardiomyocytes. Cardiovasc
Res 46, 126–38.
[25] Pepper MS, Matsumoto K, Nakamura T, Orci L, and Montesano R
(1992). Hepatocyte growth factor increases urokinase - type plasmino-
gen activator ( u -PA ) and u -PA receptor expression in Madin–Darby
canine kidney epithelial cells. J Biol Chem 267, 20493–96.
[26] Ponzetto C, Bardelli A, Zhen Z, Maina F, Dalla ZP, Giordano S,
Graziani A, Panayotou G, and Comoglio PM (1994). A multifunc-
tional docking site mediates signaling and transformation by the
hepatocyte growth factor / scatter factor receptor family. Cell 77, 261–
71.
[27] Rong S, Bodescot M, Blair D, Dunn J, Nakamura T, Mizuno K, Park M,
Chan A, Aaronson S, and Vande Woude GF (1992). Tumorigenicity of
the met proto - oncogene and the gene for hepatocyte growth factor.
Mol Cell Biol 12, 5152–58.
[28] Rong S, Segal S, Anver M, Resau JH, and Vande Woude GF (1994).
Invasiveness and metastasis of NIH /3T3 cells induced by Met–HGF /
SF autocrine stimulation. Proc Natl Acad Sci USA 91, 4731–35.
[29] Salvioli S, Ardizzoni A, Franceschi C, and Cossarizza A (1997). JC -1,
but not DiOC6(3 ) or rhodamine 123, is a reliable fluorescent probe
to assess delta psi changes in intact cells: implications for studies
on mitochondrial functionality during apoptosis. FEBS Lett 411, 77–
82.
[30] Sambrook A, Fritsch EF, and Maniatis T (1989). Molecular Cloning. A
Laboratory Manual 2nd ed. Cold Spring Harbor Laboratory, New York.
[31] Savagner P, Yamada KM, and Thiery JP (1997). The zinc - finger
protein slug causes desmosome dissociation, an initial and necessary
step for growth factor - induced epithelial –mesenchymal transition.
J Cell Biol 137, 1403–19.
[32] Schmidt C, Bladt F, Goedecke S, Brinkmann V, Zschiesche W, Sharpe
M, Gherardi E, and Birchmeier C (1995). Scatter factor / hepatocyte
growth factor is essential for liver development. Nature 373, 699–702.
[33] Skulachev VP (1999). Anion carriers in fatty acid–mediated physiolo-
gical uncoupling. J Bioenerg Biomembranes 31, 431–45.
[34] Skulachev VP (1998). Uncoupling: new approaches to an old problem
of bioenergetics. Biochim Biophys Acta 1363, 100–24.
[35] Stoker M, Gherardi E, Perryman M, and Gray J (1987). Scatter factor is
a fibroblast - derived modulator of epithelial cell mobility. Nature 327,
239–42.
[36] Stoker M, and Perryman M (1985). An epithelial scatter factor released
by embryo fibroblasts. J Cell Sci 77, 209–23.
[37] Thompson JD, Higgins DG, and Gibson TJ (1994). CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position - specific gap penalties and
weight matrix choice. Nucleic Acids Res 22, 4673–80.
[38] Tsarfaty I, Resau JH, Rulong S, Keydar I, Faletto DL, and Vande
Woude GF (1992). The met proto - oncogene receptor and lumen
formation. Science 257, 1258–61.
Neoplasia . Vol. 4, No. 6, 2002
Met, HGF /SF Induces Mimp, a Novel Mitochondrial Carrier Homologue Yerushalmi et al. 521
[39] Tsarfaty I, Rong S, Resau JH, Rulong S, da Silva PP, and Vande
Woude GF (1994). The Met proto -oncogene mesenchymal to epithelial
cell conversion. Science 263, 98–101.
[40] Uehara Y, Minowa O, Mori C, Shiota K, Kuno J, Noda T, and Kitamura
N (1995). Placental defect and embryonic lethality in mice lacking
hepatocyte growth factor / scatter factor. Nature 373, 702–705.
[41] Vande Woude GF, Jeffers M, Cortner J, Alvord G, Tsarfaty I, and Resau
J (1997). Met –HGF /SF: tumorigenesis, invasion and metastasis. Ciba
Found Symp 212, 119–30, discussion 130–12, 148–54.
[42] Vander Heiden MG, Chandel NS, Schumacker PT, and Thompson
CB (1999). Bcl - xL prevents cell death following growth factor with-
drawal by facilitating mitochondrial ATP /ADP exchange. Mol Cell 3,
159–67.
[43] Walker JE, and Runswick MJ (1993). The mitochondrial transport
protein superfamily. J Bioenerg Biomembranes 25, 435–46.
[44] Xu X, Shi Y, Wu X, Gambetti P, Sui D, and Cui MZ (1999). Identification
of a novel PSD-95 /Dlg /ZO -1 (PDZ )– like protein interacting with the
C terminus of presenilin - 1. J Biol Chem 274, 32543–46.
[45] Yuan R, Fan S, Achary M, Stewart DM, Goldberg ID, and Rosen EM
(2001). Altered gene expression pattern in cultured human breast
cancer cells treated with hepatocyte growth factor / scatter factor in the
setting of DNA damage. Cancer Res 61, 8022–31.
522 Met, HGF /SF Induces Mimp, a Novel Mitochondrial Carrier Homologue Yerushalmi et al.
Neoplasia . Vol. 4, No. 6, 2002
